ABSTRACT: Logging in tropical forests causes, among other impacts, the accumulation of organic debris on many beaches after it is carried to the coast by rivers and concentrated by oceanographic processes. Such accumulated beach organic material (ABOM) has the potential to exert important negative effects on the reproductive success of marine turtles. Females must be able to exit the ocean and cross sandy beaches to nest and, as no parental care is provided, hatchlings must cross the beach to reach the sea following emergence from the nest. We investigated how ABOM affects nest site selection and hatchling dispersal at a globally important rookery for leatherback turtles Dermochelys coriacea in Colombia. Detailed surveys were combined with field experiments in which the amount of ABOM was manipulated. Areas with higher ABOM had a similar rate of nesting, but females spent significantly more time in nest camouflage, suffered external lesions and nested closer to the shoreline, increasing the risk of egg mortality caused by flooding and erosion. When ABOM was manually removed from several beach sectors, nest site selection moved towards areas with less risk of flooding or tidal erosion. In nesting seasons with higher ABOM, a lower rate of female recapture was experienced, suggesting a greater dispersion of nests, possibly emigration. ABOM represents a barrier for many hatchlings, causing them to spend significantly more time reaching the sea, thereby increasing their energy output and their risk of predation or desiccation.
INTRODUCTION
Tropical forest logging can have severe negative impacts on biodiversity (Foley et al. 2007) . Following inefficient logging practices, forest debris transported in storm runoff through rivers to the sea can cause collateral impacts across multiple ecosystems (Putz et al. 2000) . Such issues are clearly illustrated along coastlines, and in particular sandy beaches where debris arrives from the sea forming parallel barriers on the shoreline (Velander & Mocogni 1999) . Sandy beaches are obligate nesting areas for sea turtles (Thiel & Gutow 2005) , and it is somewhat intuitive that this kind of debris may affect both adult and hatchling marine turtles. However, few studies have quantified the impact caused by accumulated beach debris on sea turtle reproduction, although, for example, in Gabon forest-related debris is extensively distributed (Pikesley et al. 2013) , and nesting females have been known to die as a result of being trapped by large logs washed up on beaches (Laurance et al. 2008) .
In addition to adult survival, debris has the potential to impact nesting behaviour (including nest site selection) as well as nest success factors. Many biotic (Phillott et al. 2002 , Phillott & Elsmore 2004 , PatinoMartinez et al. 2012a , Sarmiento-Ramírez et al. 2014 , Brost et al. 2015 and abiotic (Patino-Martinez et al. 2012b , Marco et al. 2017 factors of the nest environment can affect embryonic development and hence reproductive success (Wallace et al. 2004 , Houghton et al. 2007 , Pike & Stiner 2007 , Lolavar & Wyneken 2015 . Nest success depends on a diverse array of factors such as moisture (Patino-Martinez et al. 2014) , oxygen or salt content (Ackerman 1980) , temperature , Matsuzawa et al. 2002 , Reece et al. 2002 , Patino-Martinez et al. 2012b , Howard et al. 2014 , and sand texture and density (Mortimer 1990 , Wood & Bjorndal 2000 , Antworth et al. 2006 . The position of the nest between the sea and the backing vegetation has the potential to affect environmental conditions that influence nest success or neonate survival (Hays & Speakman 1993) . For instance, numerous leatherback nests fail in areas susceptible to flooding by tides or erosion, with losses, in some cases, of more than 50% of nests (Whitmore & Dutton 1985 , Bilinski et al. 2001 , Bell et al. 2004 , Hernandez et al. 2007 . Likewise, invasion of the nest by roots or hatchling disorientation can occur amongst vegetation (Godfrey & Barreto 1995 , Kamel & Mrosovsky 2004 ). Selection of a suitable site for nest positioning is conditioned, in all likelihood, by beach features, such as slope, erosion, beach dimensions, sand quality, tidal condition or presence of obstacles that may hinder the mobility of reproductive females (Wood & Bjorndal 2000 , Laurance et al. 2008 .
After hatching, the transit of hatchlings from the nest to the sea is a process subject to risks that can significantly affect turtle survival. When hatchlings emerge from the nest, generally between dusk and dawn (Glen et al. 2005) , they immediately dash towards the sea. Orientation is determined by visual stimuli, which lures them to the bright reflection of the ocean (Godfrey & Barreto 1995 , Bourgeois et al. 2009 ), as well as being influenced by slope , Salmon & Witherington 1995 . Throughout this journey from the bottom of the nest to the water, hatchlings are exposed to an array of predators (Engeman et al. 2003 , Maros et al. 2005 . Predation rates may vary according to nest location and time invested prior to reaching the sea (Kamel & Mrosovsky 2004) . Minimising the duration to cover this distance is vital for hatchling survival for 2 reasons: firstly, to make the most out of the energetic reserves during the first hours of swimming frenzy in surface waters, where predators thrive ; secondly, to minimise hazards such as predation, exhaustion and dehydration on the beach (Bourgeois et al. 2009 ). Offspring hatching from nests amongst vegetation may invest more time transiting the beach, increasing their vulnerability to predation on land (Godfrey & Barreto 1995) or in predator-rich inshore waters (Reising et al. 2015) .
The aim of this study was to assess the effect of accumulated beach organic material (ABOM) on leatherback turtles Dermochelys coriacea in 3 main ways: (1) Is nest site selection relative to tideline and beach vegetation affected, and what are the implications for egg survival? (2) Are there any effects on female nesting behaviour (beach selection, nest construction, egg laying and nest camouflaging)? (3) Are there any impacts on sea-finding behaviour in hatchlings?
MATERIALS AND METHODS
This study was carried out at Playona, in the western Colombian Caribbean (8.459°N, 77.226°W) during the nesting seasons of 2005, 2006 and 2007 . This is a high-density nesting site that is subject to a high level of negative impacts, such as egg harvesting, nest flooding and extensive build up of ABOM (Patino-Martinez et al. 2008) . We focused on a 3 km section at the north end of the site due to its higher nest density (> 81 nests km −1 ) (Patino-Martinez et al. 2008) . The amount of ABOM on the beach throughout the study varied in time and space, apparently determined by tidal and wave action and by prevailing weather conditions. The highest amounts of debris accumulation took place after rains, which increased river flow and seaward transport of ABOM.
Field survey 1: nesting activity
Field surveys suggested that we could establish a classification of 3 degrees of ABOM: (1) absent: lacking any noticeable ABOM; (2) intermediate: ABOM ≤1 m 2 coverage per linear metre of beach, with debris of diameter ≤20 cm and length ≤3 m; and (3) high: ABOM > 1 m 2 coverage per linear metre of beach with debris diameter > 20 cm or length > 3 m. For 67 nights (12 March to 18 May 2007), the beach was monitored for nesting females and nesting behaviour. At least 2 experienced observers were assigned to each kilometre of beach, with continuous patrolling from 20:00 to 03:00 h each night. When a female was intercepted emerging from the sea, the degree of ABOM was assigned to the 20 m beach section centred on the emergence point, and the duration of the following behaviours was recorded: nest site selection (from the moment that females passed the high tide line until they began digging the nest chamber), egg laying, nest camouflaging and descent to the sea (from the end of nest camouflaging until they passed the high tide line toward the water). Moreover, for each studied female, the following variables were recorded: curved carapace length and width (CCL and CCW, respectively), nest depth (measured with a rigid tape measure immediately before the beginning of egg laying), clutch size (eggs were counted during oviposition) and distance to the tideline and to the vegetation line. All nests were assigned to 1 of 3 longitudinal sections of the beach in the following manner: (1) wash zone: comprising the area below the high tideline; (2) . This categorization allowed designating of the different forms and degrees of threat to nest viability (Nordmoe et al. 2004) . In this manner, nests unmistakably located within the wash zone were considered at risk from inundation or erosion (PatinoMartinez et al. 2008) . Any incident taking place during the nesting process, such as flooding or abandonment of the nest, wounds incurred by interaction with debris or evidence of former lesions were also recorded. Each turtle intercepted was identified with 2 standard Monel-49 tags attached to the caudal aspect of the proximate part of the hind fins.
Field survey 2: inter-nesting behaviour
To evaluate the effect of ABOM encountered during nesting on the probability that a female would repeat nesting on the same beach, a capture− mark− recapture study was carried out during and thus it was possible to group the data from each year into 7 sessions of 9 d each, hence avoiding data repetition from a given female in the same session. Using the programme MARK (Cooch & White 2004) and capture−recapture data from 413 females, the survival (Phi) and recapture (P) rates (P indicates the probability that a female would repeat nesting on the same beach) were modelled in relation to the variation in the amount of ABOM among years (ABOM) and within each season (session), including the sum (ABOM+session) and the interaction (ABOM×session).
In the model, the estimated survival rate (Phi) is affected by both female mortality and their permanent emigration from the study area, while the recapture rate (P) reflects both the variation in the observation/ capture effort and temporary emigration out of the study area. Quasi-likelihood Akaike's information criterion (QAICc) was used to select the best model (Anderson et al. 1994 ). The models with the lowest QAICc and with the fewest parameters are considered the best fit for the data. Model selection was carried out on the basis of the model with the most parameters in which both the survival and recapture probabilities varied in accordance with ABOM (year) and within the same season (session). The fit of the data to the Cormack-Jolly-Seber (CJS) model was evaluated using the programme Release GOF (goodness-of-fit test) (Burnham et al. 1987) . This was used to test whether the probability of recapture over time was the same for all marked individuals. The goodness-offit of the model was also evaluated using a parametric approximation (bootstrapping). The parameters estimated for the model were used to simulate data according to the assumptions of the CJS models (the individuals were independent and no overdispersion of data occurred). This process was repeated 1000 times, and the deviance of each model was calculated to determine whether the deviance of the observed model exceeded the deviance of the simulated data. The overdispersion parameter (c-hat) was calculated as the ratio between the average deviance of the simulated models and the observed deviance of the model (Cooch & White 2004) . No evidence of significant overdispersion was found (c-hat = 0.92) and thus there was no evidence of any deviation from the assumption that the individuals were mutually independent (Anderson et al. 1994) . The results were adjusted to a c-hat of 0.92 (ideal c-hat = 1), even though this adjustment had no qualitative effects on the results. Flipper tags can have a significant rate of loss (Rivalan et al. 2005) . However, no females were observed as having lost any tags on the beach during the study, and thus, given double tagging, the rate of tag loss appeared not to be markedly affected by the level of ABOM on the beach.
Field experiment 1: nesting behaviour
A 300 m beach segment characterized by homogeneous qualities of width, sand type, ABOM and slope was chosen. Within this segment, ABOM was cleared in 50 m segments (n = 3) that alternated with 3 other sectors where ABOM was left in situ. ABOM in control sectors was cleared daily in the afternoons. The experimental sectors were surveyed every morning between 06:00 and 08:00 h (from 13 March to 14 June 2007), quantifying the following: (1) number of nesting attempts within each experimental zone; (2) number of females that nested below, within or above the ABOM line; (3) number of nests located in areas at risk from intertidal flooding; and (4) number of females that left the beach without nesting. We only used nesting data that were completely carried out within each experimental zone. Some short false crawls may have been fully effaced by the nighttime high tide and not recorded during daytime surveys. Thus, nesting success could be slightly overestimated at all levels of ABOM.
Field experiment 2: hatchling behaviour
The effect of ABOM on hatchling movement was quantified by exposing hatchlings to different levels of ABOM on their way to the sea. A total of 89 hatchlings emerging just before sunset belonging to 3 different nests in a hatchery were selected and assigned to 1 of 2 experimental conditions. Thus, 42 turtles were released in areas without ABOM (cleared) and 47 in areas with intermediate levels of ABOM (see above). Hatchlings from each nest were proportionally distributed to each experimental condition (Nest 1: 9 hatchlings in no ABOM and 10 in ABOM; Nest 2: 23 in no ABOM and 27 in ABOM; Nest 3: 10 in no ABOM and 10 in ABOM). All hatchlings were released 17 m from the sea. For each condition, we recorded the number of hatchlings that reached the sea, and for each hatchling we also measured the duration of beach transit. Events such as becoming overturned and attacks by crabs were also quantified.
RESULTS

Field survey 1: nesting activity
In total, we identified 216 different females after Table 1 ).
The levels of ABOM significantly affected the distance of nests to the sea. Females in zones with high ABOM nested closer to the tideline compared to females that nested in zones without ABOM (ANOVA: df = 2; F = 3.31; p = 0.03; Table 1 , Fig. 1A) . The amount of ABOM on the beach did not influence the time turtles invested in nest site selection (ANCOVA: F 2, 26 = 0.03, p = 0.99; covariable = adult female CCL) nor the time devoted to egg laying (ANCOVA: F 2, 74 = 0.04, p = 0.7). The mean depth of the nests was significantly lower in areas with high levels of ABOM (ANCOVA: F 2,139 = 3.15, p = 0.046; Table 1 , Fig. 1B ). The amount of ABOM had a significant effect on the time dedicated to nest camouflage (ANCOVA: F 2, 45 = 4.02, p = 0.025; Fig. 1C ). No female mortality was recorded as a result of ABOM. However, lesions were incurred from physical contact with ABOM on shoulders and flippers (2.8%, n = 6 females), carapace (1.4%, n = 3) and head or eyes (1.4%, n = 3).
Field survey 2: inter-nesting behaviour
Although the sampling effort was practically the same every year, the recapture rates (P) were af fected by the temporary dispersion of females to other beaches. Female recapture rate was higher in the ABOM-free year than in those with medium or high ABOM conditions (2005: no ABOM = 0.41 ± 0.04; 2006: high ABOM = 0.18 ± 0.03; 2007: inter mediate ABOM = 0.27 ± 0.04). When the recapture probability was modelled, the lowest QAICc value was for the model that assumed differences in the re capture rates between ABOM conditions (P ABOM). The survival rate (Phi) varied in relation to the breeding season (session) and did not depend on the year. Thus, the model supported by the QAICc values was Phi (session) P (ABOM). This model was well fitted to the CJS assumptions (bootstrap goodness-of-fit test, p = 0.27). All models are presented in Table A1 in Appendix 1. However, the proportion of turtles above the strandline during the nesting process was 62.5% (n = 35) in areas without ABOM, and 20.8% (n = 10) in areas with ABOM ( Fig. 2A) , and this difference was statistically significant (Pearson χ 2 = 19.25, p < 0.0001). The proportion of turtles that nested in areas with a high risk of flooding or erosion was significantly greater in areas with ABOM (38.5 vs. 8.9%, Pearson χ 2 = 12.06, p < 0.001; Fig. 2B ).
Field experiment 1: nesting behaviour
Field experiment 2: hatchling behaviour
In the zone without ABOM, the mean beach transit time was 6.2 ± 0.2 min (n = 42), compared to 8.2 ± 0.4 min (n = 47) in the ABOM zone (Fig. 3) . These differences represented an important delay in time to reach the sea for hatchlings from 2 of the 3 study clutches (Mann-Whitney U-test: Nest 1; U = 13.5, p < 0.001; Nest 2: U = 16.7, p < 0.001; Nest 3: U = 1.04, p = 0.307). The most frequently displayed behaviour by hatchlings when making contact with ABOM consisted of trying to climb over it head-on until becoming immobilized either under or on top of the waste, and then moving laterally to try and descend at another location. Despite ABOM conditions being intermediate, hatchlings turned upside-down 14 times (mean of 0.3 times hatchling −1 ) compared to control conditions under which they only turned upside-down 3 times (mean of 0.07 times hatchling −1 ). Attacks by crabs were infrequent (n = 2) and were only observed in areas with ABOM.
DISCUSSION
The excessive accumulation of ABOM on beaches is a secondary effect of inefficient waste management during logging (Putz et al. 2000) , and our study is among the first to investigate the resultant impacts on sea turtles. We integrated field surveys with simple field experiments, which have afforded several insights into the 4 main aspects of this emerging conservation issue, as follows.
Firstly, one of the direct effects of the accumulation of organic debris on beaches is an increase in the proportion of clutches laid near the sea, with the subsequent negative effect on their survival due to erosion or flooding (Whitmore & Dutton 1985, Eckert 1987, Bell et al. 2004 , Patino-Martinez et al. 2014 . The presence of beach debris makes it much harder for females to travel as far from the tideline as they would on beaches with no ABOM, probably due to either a simple physical barrier effect or potentially through an aversive effect caused by contact with woody material replicating the stimuli received when nesting in a vegetated area (Hirth 1980 , Nordmoe et al. 2004 . Secondly, in areas affected by ABOM, turtles spent more time camouflaging their nests. Any situation that forces them to spend more time on land represents an increase in expended energy which may reduce probability of future nesting attempts or the magnitude and quality of investment in eggs or hatchlings (Qualls & Shine 1998) . Additionally, the more time spent by females in exposed situations on a beach, the greater the risk of predation by both wild and feral animals and humans (Fretey et al. 2007 , Heithaus et al. 2008 ) and a greater risk of desiccation or overheating if they remain till dawn. Increased activity increases the risk of injury from direct contact with ABOM. We observed bloody wounds of variable sizes, located on flippers, shoulders, carapace and eyes, caused by interactions between adult females with waste accumulated on beaches, which can be lethal under some conditions (Laurance et al. 2008) , though not in our study. This disparity is probably due to the size of waste fragments, which were smaller in our case than in Gabon (Pikesley et al. 2013 ). However, considering that a given female can nest up to 11 times within a nesting season, the impacts of wounding could be cumulative.
Thirdly, data generated by capture−recapture models suggest that in seasons with large amounts of ABOM, females probably choose to reduce the number of subsequent visits to the affected beaches and disperse over a greater number of adjacent beaches. Within-season movements among rookeries in this species are not unprecedented (Horrocks et al. 2016) but if augmented by ABOM, they could reduce the efficacy of, for example, marine protected areas established around core nesting areas subject to protection (Revuelta et al. 2015) . This strategy may in crease the survival possibilities of some of the best situated nests and the energy costs for females (Qualls & Shine 1998) . Nevertheless, despite the evidence provided by the different recapture rates among years and the differing levels of ABOM each year, the number of study seasons should be in creased to encompass years with different levels of ABOM to compare results obtained over a longer time span.
Fourthly, although preliminary, it appears that ABOM at this site could represent lethal obstacles for offspring in many cases. Hatchlings are much more vulnerable to waste than their mothers are. They invest at least between 25 and 64% more time in reaching the sea in areas with intermediate debris, substantially increasing the risk of predation and dehydration (Bourgeois et al. 2009 ). The additional energetic cost that reaching the sea at beaches with waste represents for the offspring can influence survival opportunities during the first hours of swimming and could lead to a strong reduction in hatchling recruitment to the population. For obvious ethical reasons, experimental quantifi cation of the effect of excessive accumulation of ABOM on nests and hatchling pathways to the sea was not carried out. However, we observed cases where all hatchlings from nests located in areas with large amounts of ABOM were unable to overcome large barriers and were easily subject to predation by birds and domestic dogs (J. Patino-Martinez pers. obs.).
CONCLUSION AND MANAGEMENT IMPLICATIONS
Our study reveals the linkage between terrestrial and marine ecosystem impacts with the resultant decline in sea turtle reproductive success. Although ABOM does not affect nesting rates, it does bring about an increase in the number of nests laid in close proximity to the sea, with a subsequent negative effect on their survival. Time invested in the nest camouflaging process significantly increases in the presence of ABOM, entailing a greater energetic cost in addition to causing physical injury. Lastly, ABOM acts as a lethal or sublethal barrier to offspring. Taken together, there is the potential for this relatively novel form of anthropogenic pollution to have population-level impacts at affected sites.
Where present, ABOM should be regarded as having an important potential impact on nesting beaches, with the potential to augment the effect of growing amounts of plastic debris (Vegter et al. 2014 , Nelms et al. 2015 ; therefore, beach clean-up should be incorporated into management plans. Repositioning organic waste towards the distant vegetation zone or salvaging it as an energy source may be effective management measures. Care should be taken to ensure that hawksbill turtles, many which nest in the vegetated zones of the same sites as leatherback turtles, are not impacted. At the same time, it is paramount to implement reduced-impact logging practices (Putz et al. 2008 , Meyfroidt & Lambin 2011 
